Forward osmosis (FO) is an emerging membrane process with potential applications in the treatment of highly fouling feedwaters. However, biofouling, the adhesion of microorganisms to the membrane and the subsequent formation of biofilms, remains a major limitation since antifouling membrane modifications offer limited protection against biofouling. In this study, we evaluated the use of graphene oxide (GO) for biofouling mitigation in FO. GO functionalization of thin-film composite membranes (GO-TFC) increased the surface hydrophilicity and imparted antimicrobial activity to the membrane without altering its transport properties. After 1 h of contact time, deposition and viability of Pseudomonas aeruginosa cells on GO-TFC were reduced by 36% and 30%, respectively, compared to pristine membranes. When GO-TFC membranes were tested for treatment of an artificial secondary wastewater supplemented with P. aeruginosa, membrane biofouling was reduced by 50% after 24 h of operation. This biofouling resistance is attributed to the reduced accumulation of microbial biomass on GO-TFC compared to pristine membranes. In addition, confocal microscopy demonstrated that cells deposited on the membrane surface are inactivated, resulting in a layer of dead cells on GO-TFC that limit biofilm formation. These findings highlight the potential of GO to be used for biofouling mitigation in FO.
the membrane and the subsequent formation of biofilms, remains a major limitation since 48 antifouling membrane modifications offer limited protection against biofouling. In this study, we 49 evaluated the use of graphene oxide (GO) for biofouling mitigation in FO. GO functionalization 50 of thin-film composite membranes (GO-TFC) increased the surface hydrophilicity and imparted 51 antimicrobial activity to the membrane without scarifying its transport properties. After 1 h of 52 contact time, deposition and viability of Pseudomonas aeruginosa cells on GO-TFC were 53 reduced by 36% and 30%, respectively, compared to pristine membranes. When GO-TFC 54 membranes were tested for treatment of an artificial secondary wastewater supplemented with P. 55 aeruginosa, membrane biofouling was reduced by 50% after 24 hours of operation. This 56 biofouling resistance is attributed to the reduced accumulation of microbial biomass on GO-TFC 57 compared to pristine membranes. In addition, confocal microscopy demonstrated that cells 58 deposited on the membrane surface are inactivated, resulting in a layer of dead cells on GO-TFC 59 that limit biofilm formation. These findings highlight the potential of GO to be used for 60 biofouling mitigation in FO membrane design. 61 62 INTRODUCTION 63 With a growing world population, global climate change, and intensification of human activities, 64
water availability is becoming one of the most important environmental challenges facing 65 humanity. 1 Membrane-based technologies for water treatment, water reclamation, and 66 desalination are some of the most effective strategies to address global water quality and scarcity 67 issues. [1] [2] [3] However, membranes are prone to fouling, that is, the accumulation of organic, 68 inorganic, or biological foulants on the membrane, which decrease permeate flux, membrane 69 selectivity, and useful lifetime. 1 The design of effective fouling control strategies is therefore one 70 of the main technical challenges in membrane-based water treatment. 71
Forward osmosis (FO) is an emerging membrane process that uses the osmotic difference 72 between a concentrated draw solution and a dilute feed solution to induce spontaneous solvent 73 permeation through a semipermeable membrane. 4 This osmotic driving force results in a foulant 74 layer that is less compact and more easily cleanable than in pressure-driven processes such as 75 reverse osmosis (RO). 5,6 As a result, FO has emerged as a practical approach to treat waters with 76 high fouling potential like wastewater or activated sludge. 4,7,8 However, fouling is still 77 detrimental to FO operations due to cake-enhanced concentration polarization, which decreases 78 the osmotic driving force for permeation and demands frequent system interruptions for 79 membrane cleaning. . 4,7 Therefore, improving the resistance of membranes to fouling can 80 contribute to the successful implementation of FO technologies. 81
FO membrane fouling propensity is associated with the membrane surface roughness, 82 relative hydrophobicity, and its high density of carboxyl groups. 9,10 These factors are typically 83 found in the polyamide thin-film composite (TFC) membranes used in FO. To avoid excessive 84 fouling, modified TFC membranes have been developed to decrease foulant adsorption. 10 85 Common antifouling modifications include polymer brushes, zwitterions, and superhydrophilic 86 nanomaterials. 10-13 Such modifications were shown to improve the membrane resistance to 87 fouling caused by organic molecules like proteins, polysaccharides, or natural organic matter. 11-88 13 89 However, fouling in complex waters is likely to involve both organic and biological 90 foulants. In FO-based treatment of secondary wastewater, fouling was found to be dominated by 91 biopolymers, proteins, and microorganisms. 14 Biological fouling, or biofouling, involves the 92 adsorption of microorganisms to the membrane and their development into microbial 93 communities enclosed in extracellular polymeric substances (EPS). 15 The contribution of 94 biofouling makes fouling mitigation more challenging since membrane modifications aiming to 95 reduce foulant adsorption often have a limited effect on biofilm formation. 16,17 96 To specifically target biofouling, antimicrobial properties have been imparted to 97 membranes. [18] [19] [20] Antimicrobial membranesinactivate bacterial cells at contact, reducing the 98 initial rate of biofilm formation. 20 However, their long-term efficiency is limited by the eventual 99 depletion of biocide or the accumulation of dead cells on the surface, which will shield the 100 antimicrobial material. Recent efforts have thus been made to design membranes with both 101 antimicrobial and antifouling properties, where membranes are modified in multiple steps with 102 sequential grafting of polymer brushes or zwitterions, for antifouling properties, and 103 nanoparticles or polycations, for antimicrobial activity. 21-23 While these modifications represent 104 more complex membrane functionalization, the combination of antifouling and antimicrobial 105
properties was highlighted as the most effective approach to mitigate membrane biofouling. 20 106 Graphene oxide (GO) is a carbon-based nanomaterial composed of a single layer of sp 2 -107 bonded carbon decorated with a high density of oxygen functional groups. 24 Due to its high 108 surface area and colloidal stability in aqueous conditions, GO is extensively investigated as a 109 platform material for novel membrane designs. 25, 26 Notably, its incorporation into membranes 110 was found to improve their resistance to fouling by reducing both surface roughness and 111 hydrophobicity. 27,28 GO also possesses bactericidal properties and can induce a disruption of the 112 cell membrane when bacteria come into contact with GO. 26,29-31 Therefore, GO may be an 113 excellent material for the development of biofilm-resistant membranes as it can impart both 114 antimicrobial and antifouling properties to a surface. Membrane surface functionalization with 115 GO was previously shown to impart antimicrobial properties to its active layer; 30,32 however, its 116 biofouling mitigation potential remains to be demonstrated in membrane operations. 117
In this paper, we evaluated the use of GO for biofouling mitigation in FO. functionalized membranes were exposed to an artificial secondary wastewater feed, to which the 119 biofilm-forming bacterium Pseudomonas aeruginosa was added, and tested in a bench-scale ethylenediamine to the membrane. Finally, GO (10 mg) is reacted with 2 mM EDC and 5 mM 150 NHS for 15 min, to activate its carboxyl groups, and placed in contact with the ethylenediamine-151 rich membrane for amide coupling. The detailed functionalization protocol is provided in the SI. 152 Membrane Characterization. Raman spectra were collected on a Horiba Jobin Yvon HR-153 800 spectrometer using a 532 nm laser excitation. For SEM imaging, samples were sputter-154 coated with chromium and imaged with a Hitachi SU-70 microscope. Membrane hydrophilicity 155 was evaluated by the sessile drop method using a Theta Lite Optical Tensiometer TL100 156 (Attension, Espoo, Finland), using a drop volume of 5 µL. Surface roughness was measured in 157 tapping mode with a Dimension Icon AFM equipped with a SNL-10 SiN cantilever (Bruker, 158 Santa Barbara, CA). The membrane water permeability, A, salt permeability, B, and structural 159 parameter, S, were determined according to a method previously described. 34 Icon AFM (Bruker, Santa Barbara, CA). Particle-functionalized AFM probes were prepared 173 according to a procedure previously described. 35 Force measurements were collected in synthetic 174 wastewater media using a trigger force of 1 nN, a ramp size of 1 µm, and a ramp rate of 0.5 Hz. 175
More details on AFM measurements are given in the SI. Table S1 ). 36 The draw solution was prepared using NaCl and the concentration 180 adjusted to achieve an initial water flux of 20 ± 1 L m -2 h -1 (~ 1 M NaCl draw). For each 181 membrane, a baseline run was conducted without bacteria to account for the dilution of the draw 182 solution during experiments. The permeate flux was stabilized at 20 ± 1 L m -2 h -1 before addition 183 of P. aeruginosa to an initial concentration of ~6.0 × 10 7 CFU L -1 . The conditions generated multiple defect sites in the graphitic structure, as indicated by the higher D 203 band intensity in the Raman spectrum of GO (Figure 1a ). In carbon nanomaterials, the G band 204 originates from the sp 2 -bonded carbon structure while the D band reflects the disorder in the sp 2 205 structure caused by the presence of defects and sheet edges. 24, 38 Compared to graphite, the G/D 206 ratio is decreased from 4.5 to 1.09 after oxidation, indicating a high defect density in GO. The 207 nature of those defects was identified by FTIR and XPS spectroscopy. The FTIR spectrum shows 208 characteristic peaks for sp 2 C=C bonds (1615 cm -1 ) as well as oxygenated C-O (1220 cm -1 ), 209 C=O (1720 cm -1 ), and O-H (3400-3600 cm -1 ) groups (Figure 1b) . Analysis of the XPS C1s 210 spectra reveals that the main oxygenated functional groups are C-O (52%), C=O (7.1%) and O-211 C=O (5%) (Figure 1c ). 212
The presence of oxygen functional groups in the graphitic structure increases the 213 interlamellar spacing in graphite and allows water to seep in between the graphene layers, 214 facilitating their exfoliation by ultrasonication. 24,26 AFM topographical analysis showed that the 215 exfoliated sheets were ~1.4 nm in thickness (Figure 1 d, e ), which is equivalent to single layer 216 GO sheets. 39 The average sheet dimension, determined by SEM imaging, was found to be 0.19 217 µm 2 . A representative SEM image of GO sheets deposited on a silicon wafer is presented in 218 Figure S1 . 219
Graphene Oxide Sheets Possess Strong Antimicrobial Properties. The antimicrobial 220
properties of GO were demonstrated for a wide variety of microorganisms. 26, [29] [30] [31] 40 Cell 221 inactivation has been proposed to be mediated by physical and oxidative interactions leading to a 222 disruption of the membrane integrity and to cell death. 26, 29, 32, 41, 42 However, the antimicrobial 223 potential can differ significantly between different GO materials, with some studies indicating 224 high bacterial inactivation while others report no observable toxicity. 29, 32, 43 This discrepancy can 225 be due to the heterogeneous nature of GO materials generated by different oxidation 226 procedures. 44 227
Considering this variable nature of GO, the antimicrobial potential of the GO material 228 produced by our chemical oxidation procedure was verified. When P. aeruginosa cells are 229 exposed to a pure GO layer formed by vacuum filtration on a polycarbonate membrane, a 230 decrease in cell viability is observed (Figure S2 a, b ). After 1 h of exposure, cell viability 231 decreases from 82% on the control polycarbonate filter to 20% on GO ( Figure S2c ). Previous 232 studies on the antimicrobial activity of GO deposited on a surface report bacterial inactivation 233 ranging from 59 to 89 % for exposure time of 1-3 h with E. coli. 29,45,46 Therefore, the GO 234 produced in this study possesses high antimicrobial activity. 235
Graphene Oxide Functionalization Changes Surface Properties without Altering 236
Transport Properties. GO sheets were grafted to the polyamide layer through a covalent amide 237 bond formation using ethylenediamine as a cross-linker, as previously described. 32 Successful 238 binding of GO was indicated by SEM imaging. Compared to the pristine membrane (Figure 2a) , 239 GO can be visualized as a sheet-like material covering the active layer of the membrane (Figure  240 2b). This material was confirmed to be GO by Raman spectroscopy, using the I 1147 /I 1585 ratio. 32 
241
In TFC membranes, the two dominant Raman peaks originate from the symmetric C−O−C 242 stretching and phenyl ring vibration of polysulfone, at 1147 and 1585 cm -1 (Figure 2c ). 47,48 GO, 243 when bound to the membrane, contributes to the Raman signal at 1585 cm -1 due to its G band, 244 while its Raman signal at 1147 cm -1 is minimal (Figure 1a ). After functionalization with GO, the 245 I 1147 /I 1585 decreases from 1.47 ± 0.02 for Ctrl membranes to 1.22 ± 0.09 for GO-TFC membranes 246
(Student t-test, p<0.05), confirming the attachment of GO (Figure 2c ). Considering the surface 247 chemistry and covalent binding reaction used for GO surface modification, the amount of GO 248 covering the membrane is hypothesized to be mostly a monolayer of GO, with some overlapping 249 between neighboring GO sheets. (Figure 3b ). Therefore, the increased surface hydrophilicity can be attributed to the high 262 density of oxygen functional groups in GO. 24 263 Graphene Oxide Imparts Anti-adhesive and Antimicrobial Surface Properties. By 264 increasing surface hydrophilicity, foulant adhesion can be decreased. 10,20 This anti-adhesive 265 effect is due to the formation of a hydration layer opposing the adsorption of biomolecules to the 266 surface. 49 Given this role of hydrophilicity in fouling, increasing the hydrophilicity of the 267 membranes is often used as a strategy to improve their fouling resistance. 10-12,50 268
The anti-adhesive properties of GO-TFC were verified by chemical force microscopy 269 using a carboxylated latex particle attached to a tipless AFM cantilever ( Figure S5 ). 35 The high 270 density of carboxyl groups on the particle allows this colloidal probe to be used as a model for 271 fouling since carboxylic groups play an important role in the calcium-mediated foulant 272 complexation to membranes. 51,52 Chemical force spectroscopy reveals that GO imparts anti-273 adhesive properties to the surface. Compared to a Ctrl membrane, where the average adhesion 274 force between the colloidal probe and the membrane is -0.49 mN m -1 (Figure 4a ), GO-TFC 275 membranes have an average adhesion force of -0.15 mN m -1 (Figure 4b) . The adhesion force 276 distribution on GO-TFC is also characterized with a higher frequency of "NO" events, where the 277 interaction between the probe and the membrane is repulsive and no adhesion is measured. In 278 GO-TFC membranes, 55% of the measurements showed no adhesion, compared to 27% for Ctrl 279 membranes (Figure 4a, b) . 280
Reduced protein adsorption was previously shown for different types of GO-blended 281 polymeric membranes. 27, 53, 54 Similarly, surface-functionalized RO TFC membranes, where GO 282 was assembled on the surface via a layer-by-layer approach, also showed a reduced adsorption of 283 proteins. 28 Lower fouling propensity of GO-functionalized surfaces can be attributed to an 284 increase in surface hydrophilicity and a smoothing of the membrane surface. 28 However, for GO-285 TFC, no change in surface roughness is observed after functionalization with GO, suggesting 286 that surface hydrophilicity was the main reason for its anti-adhesive properties. Increased 287 hydrophilicity was also proposed as the mechanism for the lower fouling propensity of 288 poly(vinylidene fluoride) and polyethersulfone membranes mixed with GO. 53,54 289
The anti-adhesive properties of GO-TFC membranes were further confirmed by 290 evaluating bacterial adhesion to the membrane. After a 1-h contact time of a P. aeruginosa 291 suspension to Ctrl or GO-TFC membranes, cells attached to the membrane were stained with 292 SYTO 9 and PI, enabling cell enumeration and viability assessment (Figure 4c) . A lower amount 293 of bacteria is found attached to GO-TFC compared to Ctrl membranes. The number of bacterial 294 cells decreases from 50 × 10 6 cells per cm 2 to 32 × 10 6 cells per cm 2 for Ctrl and GO-TFC 295 membranes, respectively (Figure 4d ). At the same time, cell viability of bacteria on the surface is 296 also affected, decreasing from 92% for cells attached to the Ctrl membrane to 62% for GO-TFC 297 membrane (Figure 4d ). Therefore, GO sheets are still active when bound to the membrane and 298 impart antimicrobial properties as well as anti-adhesive properties to the membrane. 299
Graphene Oxide Mitigates Biofouling in Forward Osmosis. The anti-adhesive and 300 antimicrobial properties imparted by GO suggest promising biofouling resistance in GO-TFC 301 membranes. However, it should be noted that short-term static assays are not always indicative 302 of biofouling resistance in membranes. For ultrafiltration and nanofiltration membranes modified 303 with polydopamine or polydopamine-g-poly(ethylene glycol), biofouling was not affected 304 despite both reduced protein adsorption and P. aeruginosa bacterial adhesion in short term static 305 assays. 17 A similar outcome was obtained with TFC RO membranes modified with anti-adhesive 306 polymer brushes. 16 307
In order to accurately determine the biofouling mitigation potential of GO-TFC 308 membranes, dynamic biofouling assays were conducted in a lab-scale cross-flow FO unit. An 309 artificial secondary wastewater medium was used as a feed solution and P. aeruginosa were 310 added at an initial concentration of ~6.0 × 10 7 CFU L -1 . Over the course of 24 h, a gradual 311 decline was observed in the permeate flux due to the formation of a biofilm on the membrane. 312
For Ctrl membranes, the flux decline due to biofouling reaches 40% of the initial flux after 24 h 313 of operation, while flux decline for the GO-TFC membranes was 20% (Figure 5a ). GO 314 functionalization was thus able to reduce the effect of biofouling on membrane performance. 315
To understand the role of GO in biofouling mitigation, the membrane was removed from 316 the cell after the 24 h of filtration, and stained for CLSM analysis. Analysis of the side-view of 317 the biofilm reveals important structural differences between the biofilms formed on Ctrl and GO-318 TFC membranes (Figure 5b ). The biofilm layer on GO-TFC is thinner than on Ctrl membranes 319 and a layer of dead cells, shown in red by PI staining, can be observed in the bottom part of the 320 biofilm in contact with the GO-functionalized surface (Figure 5b ). This layer of dead cells 321 cannot be observed on the Ctrl membrane, indicating that the antimicrobial activity provided by 322 GO is inactivating bacterial cells in contact with the functionalized surface. 323
Analysis of the CLSM images was used to quantify the biovolumes of live cells, dead 324 cells, and EPS in the biofilm. These results show that biofilm formed after 24 hours on GO-TFC 325 membranes is thinner and composed of fewer live cells, more dead cells, and smaller EPS 326 biovolumes than biofilms formed on Ctrl membranes (Table 1 ). Quantitative analysis of the 327 biomass accumulated on the membrane confirms these findings; GO-TFC membranes have less 328 total protein and TOC, both related to bacterial biomass per membrane area than Ctrl membranes 329 (Table 1) . Altogether, these results indicate a sparser biofilm development on GO-TFC 330 membranes, an observation that is in agreement with CLSM images (Figure 5c, d) . Reduced 331 accumulation and growth of biomass on the membrane is likely contributed to the lower flux 332 decline observed for GO-TFC membranes under dynamic biofouling conditions. 333 Figure S4) ; SEM micrograph of the carboxylated-365 particle attached on a tipless silicon nitride cantilever. ( Figure S5 ); Zeta potential of Ctrl and 366 GO-TFC membranes ( Figure S6 ); Synthetic wastewater composition (Table S1) 10.2 ± 3.4 14.5 ± 2.8 7.9 ± 2.4 0.18 ± 0.11 23.9 ± 3.5 a biofilm thickness and biovolume were averaged, with standard deviation (SD) calculated from 605 ten random samples in duplication experiments. b Average TOC and protein biomasses were 606 presented with SD calculated from four measurements of two membrane coupons. 607
Implications for Graphene

